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Effects of Luminance and
Resolution on Observer
Performance with Chest
Radiographs'

PURPOSE: To examine the combined effects of image resolution and display
luminance on observer performance for detection of abnormalities depicted on
posteroanterior chest radiographs.

MATERIALS AND METHODS: A total of 529 radiographs were displayed on a
specially constructed view box at three luminance levels (770, 260, and 85 cd/m?)
and three resolutions (100-um, 200-um, and 400-um pixels). Each image was
reviewed nine times by six radiologists who participated in this study. The
abnormalities included nodule, pneumothorax, interstitial disease, alveolar infil-
trates, and rib fracture. Negative (normal) radiographs were also included.

REULTS: Receiver operating characteristic curves indicated that the effect of im-
age luminance was greater than that of resolution. The detection of pneu-
mothorax, interstitial disease, and rib fracture showed statistically significant differ-
ences (P < .05) due to luminance. The detection of pneumothorax was the only
abnormality with a statistically significant difference due to resolution. There was
no evidence that luminance was related to image resolution for any of the abnor-
malities.

CONCLUSION: At a resolution of 400-um pixels or higher across the field of view
and a luminance of 260 cd/m? or more, primary diagnosis with posteroanterior chest
radiographs is not likely to be affected by the quality of display.

Large differences in luminance exist between conventional view box displays and most
soft-copy displays with a resolution of 1,024 pixels or more (1). Because of a lack of
cost-effective, yet adequate, soft-copy display technology that yields brighter images while
preserving resolution and contrast sensitivity, much effort has been expended in an
attempt to define nonuniformities in luminance.

The effects of image resolution on observer performance have been investigated by using
both direct and indirect assessments, but the results to date are inconclusive (2,3). These
experiments led to a proposal that standards be established for cathode-ray-tube displays
that are used for primary diagnosis of radiologic images. Relative nonuniformities, which
clearly exist in traditional but brighter displays (eg, a view box), have always been
considered to be of secondary importance. In addition to observer performance studies, the
results of subjective assessments indicate that luminance conditions, which impose stricter
lighting requirements in the reading room, may result in readers’ inability to engage in
longer reading sessions due to fatigue and an inability to concentrate (4). If picture
archiving and communications systems, or PACS, are to succeed in the clinical environ-
ment, factors such as resolution and luminance must be taken into account, and possible
performance trade-offs between resolution, contrast sensitivity, and luminance must be
well understood. The purpose of this study was to examine the combined effects of image
resolution and display luminance on observer performance for detection of abnormalities
depicted on posteroanterior chest radiographs.
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MATERIALS AND METHODS

General Study Design

This study was designed as a historical
prospective, multiobserver, multiabnor-
mality, reader performance (receiver oper-
ating characteristic [ROC]) study in which
observer performance was measured for
three luminance levels and three resolu-
tion levels. A total of six board-certified
radiologists (including TM.B., W.L.C.,].H.S.)
participated in the study, each interpreting
chest radiographs from 529 cases in nine
reading modes. The abnormalities of inter-
est were nodule, pneumothorax, intersti-
tial disease, alveolar infiltrates, and rib frac-
ture. These abnormalities were selected
because they span the range of imaging
characteristics of primary interest in chest
imaging.

Readers rated each image with regard
to the likelihood that the specified abnor-
mality was present. Management of the
reading sessions was completely comput-
erized. Software was used to automatically
determine both the order of presentation of
study modes and the order of images within
each mode. Software was also used to ran-
domize and counterbalance cases for each
reader. The computer presented a computer-
ized scoring form for each image being
viewed and kept track of which images had
been read, accumulating all responses from
readers in a database.

Selection of Readers and
Prestudy Training

All six readers who participated in the
project were certified by the American
Board of Radiology and had a minimum
of 3 years experience in the interpreta-
tion of chest images. They were not aware
of the aims of the study. Radiologists who
participated in the preparation of the study
and case selection did not participate as
readers. All participating radiologists re-
ceived an “instructions for observers” form
for review, and the definition of abnor-
malities was discussed with each reader
prior to the study, at which time a variety
of “typical” and “subtle” positive and nega-
tive cases were demonstrated. Radiologists
were also trained in the use of our comput-
erized scoring system during individual-
ized reading sessions. At these sessions,
selected cases were assembled, reviewed,
and read in a manner similar to that
which occurred during the actual study.

Selection of Cases and Controls

In selecting actually positive and actu-
ally negative images for this study, we
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followed procedures that have been used
successfully and that we have previously
described (5,6). In the present study, 529
high-quality posteroanterior chest radio-
graphs were selected, and the presence of
each of the abnormalities of interest was
verified.

Our choice of abnormalities was based
largely on the imaging characteristics of
those abnormalities. We did not attempt
to examine all potential abnormalities
that may be diagnosed on the basis of
chest radiographs. The numbers of occur-
rences of nodules, pneumothorax, inter-
stitial disease, alveolar infiltrates, and rib
fracture were 181, 119, 149, 76, and 77,
respectively (some images showed more
than one abnormality). One hundred
twenty-four images were negative for all
five abnormalities. The inclusion of rib
fracture and alveolar infiltrates on our
scoring form was designed to increase the
type of possible reported abnormalities,
thereby making the study more compat-
ible with the clinical environment. We
believe that the inclusion of such abnor-
malities made it more difficult for observ-
ers to estimate the frequency distribution
of other abnormalities in the study (ie,
nodules, interstitial disease, and pneumo-
thorax), thereby reducing potential bi-
ases that may result from observer expec-
tations.

Abnormalities were confirmed by means
of surgical reports (eg, biopsy results) and
other source documents (eg, results from
previous or follow-up procedures) when
available or, in a limited number of cases,
results from other imaging modalities
and clinical status. Subtle pneumothora-
ces were confirmed by observing the line
shadow disappearing or the pneumotho-
rax increasing in size on a follow-up image.
Negative images were selected on the basis
of the existence of a minimum disease-free
interval following either a negative bi-
opsy result or a negative radiologic find-
ing.

Each image was viewed by two radiolo-
gists who assigned it a quality score of
acceptable or unacceptable. Only those
images that were scored acceptable by
both radiologists were used. In addition,
with a priori knowledge of the abnormali-
ties on the original conventional image,
all printed images were reviewed for accu-
rate reproduction.

Digitization of Images

The conventional chest radiographs
used for this study were recorded on 14 X
17-inch (35.6 X 43.2-cm) Kodak G films
(Eastman Kodak, Rochester, NY) exposed

with Lanex screens (Eastman Kodak). Each
of the selected radiographs was digitized
(film digitizer model 100HR; Lumisys,
Sunnyvale, Calif) at a spatial resolution of
100 pm and a contrast sensitivity of 12
bits, to produce a 3,504 X 4,205 X 12-bit
matrix. This digitizer had a measured
modulation transfer function at the
Nyquist frequency (S line pairs per milli-
meter) of 0.41 and 0.39 in the horizontal
and vertical directions, respectively. The
useful densities spanned a range from
about 0.3 to 3.0 in optical density (OD).
From the 100-pm-resolution digitized
films, images were created that had reso-
lution characteristics corresponding to
digitization at 200 and 400 pm. These
images were produced by means of a
“filtering pixel averaging” technique de-
scribed elsewhere (7), which is capable of
effective reproduction of the modulation
transfer function of digitization with dif-
ferent spot sizes. Note that this data set
was also used in a different study (8) to
assess the effect of data compression on
observer performance. This latter study
included a different group of observers.

Printing of Cases

All the images were printed at full size
with a laser printer (Ektascan; Eastman
Kodak) on Ektascan EHN film (Eastman
Kodak) by using the digitized source data
or the reconstructed versions of these
data to reduce resolution to predeter-
mined levels. Noise contributed by the
laser printer, due to quantum mottle and
granularity in the printed film, was sub-
stantially less than image noise. The den-
sity response of the printed image was
corrected by computing and download-
ing a calibration table to the laser printer.
The minimum OD of the film was ap-
proximately 0.2 for the present photo-
graphic base and emulsion. The maxi-
mum density of a printed film was
approximately 3.2 OD. The contrast re-
sponse of the original film was main-
tained, with the consequence that any
density value above the maximum den-
sity was compressed to the value of 3.2
OD. The overall digitizer-printer-proces-
sor response was determined by compar-
ing the density of the original film with
that of the laser-printed film. The varia-
tions produced by the film processor were
within acceptable limits. The processor
used in the study was also used in the
clinical department and was subjected to
daily quality assurance procedures.

Because the original digitized image
had pixel spacing of 100 pym and the
printer prints at a pixel pitch of 80 pym,
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which would have resulted in a 20%
minification of these images, the internal
interpolation program of the printer was
used to scale the printed images to the
size of the original images. For each case,
the look-up table in the printer was ad-
justed so that the printed images would
match the original conventional radio-
graphs to within 0.08 OD over the 0.25-
3.00 OD range.

Display of Images

A 14 X 17-inch (35.6 X 43.2-cm) com-
puter-controlled light box with uniform
luminance across the field at selectable
levels was assembled by using six horizon-
tal and two vertical hot-cathode type (T8)
florescent lamps; direct current was used
to eliminate flicker. The polarity of the
voltage across each of the lamps was con-
trolled by the computer to prevent migra-
tion of mercury to one end of the tube.
Multiple diffusing screens and optical feed-
back made it possible to limit the spatial
variation of the luminance to within 5%
over 80% of the display surface.

The salient feature of the view box was
the ability to vary and maintain the illu-
mination at three distinct luminance lev-
els. This was accomplished by reducing
the current to each lamp and maintain-
ing the selected luminance with optical
feedback. The system has been described
in complete detail elsewhere (9). For qual-
ity assurance purposes, the luminance
level was measured and recorded for each
reading session.

We selected the lowest illumination
level in the study to simulate the approxi-
mate luminance levels of 1,536 X 2,048-
pixel monitors (model GMA 202, Tektro-
nix, Beaverton, Ore; model UHR-4820,
Aydin Displays, Horsham, Pa) manufac-
tured at the time. Luminances for these
monitors were approximately 25 foot-
lamberts (85 candelas per square meter
[cd/m?]) with a spot size of 190 pm or
smaller. At the time the study was
planned, this luminance represented the
average brightness of most advanced high-
resolution workstations. We chose the
highest luminance level to simulate the
lower level of the conventional viewing
stations found in general radiology read-
ing rooms. The level for an unloaded
view box varies from 250 to 400 foot-
lamberts (850-1,400 cd/m?2) for various
manufacturers, and it varies within a
model due to the age of the lamp. This
corresponds to a maximum luminance
range of 170-270 foot-lamberts (580-920
cd/m?) when loaded with film. This also
represents the expected brightness level
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of the next generation of advanced work-
stations. A 225-foot-lambert (770 cd/m?)
level was chosen to be representative of
this environment. The choice of the
middle level was rather arbitrary and was
in the range of the capabilities of the
current generation of high-resolution
workstations. A loaded level of 75 foot-
lamberts (260 cd/m?) seemed to be a
reasonable estimate. The American Col-
lege of Radiology recommends a mini-
mum luminance of 50 foot-lamberts (170
cd/m?) for display workstations used in
teleradiology.

Performance of Study

The study consisted of a nine-mode
comparison with each of the three lumi-
nance levels paired with each of the three
resolution levels. Six readers read and
rated each of the 529 cases in each of nine
modes. (A seventh radiologist who started
the readings did not complete the task
due to leaving the institution, and the
interpretation data acquired by this reader
were excluded from the analyses.)

Each reading session included 40 ran-
domized cases displayed in one of the
reading modes. During a reading session,
observers were presented with a stack of
envelopes, each containing one laser-
printed film image. The images were ar-
ranged in the order of interpretations for
that session by means of computer ran-
domization. It should be noted that in
this study, we did not compare conven-
tional radiographs with the laser-printed
images. Observers reported the results for
each case directly on our computerized
scoring form by using a computer mouse
device.

Five sliding scales were presented, one
for each abnormality. The radiologists
used the mouse to slide an indicator
along a scale from 0% to 100% to indicate
the likelihood of the presence of the
abnormality, with 0% indicating absolute
certainty the abnormality in question
was not present on the image, and 100%
indicating absolute certainty that it was
present. For percentages between 0% and
100%, the radiologist selected a percent-
age that corresponded to the probability
that the abnormality was present. The
form additionally included multiple
choice ratings about image quality and
comfort level, as well as subordinate ques-
tions that were presented on the basis of
answers to the primary detection questions.

All items on the scoring form required
a response before the reader could pro-
ceed to the next case. The software auto-
matically prevented any case from being

read by the same reader more than once
in 4 weeks. Given the large number of
cases and the complexity of the reading
tasks, our experience indicated that this
was sufficient time to ensure that cases
were not remembered from session to
session. Readers were allowed to spend as
much time as desired on each image. The
amount of time spent on each case (in-
cluding display, review, and scoring) was
monitored and recorded along with the
reader’s responses for the image.

Data Analysis

Estimates of the areas under ROC curves
were calculated for each abnormality (n =
5), mode (n = 9), and reader (n = 6) (5 X
9 X 6 = 270 values) by using the Wil-
coxon method (9,10). With this method,
the area is computed by using the trap-
ezoidal method and has been shown to
be quite powerful in similar situations
(10-12).

It should be noted that the set of nor-
mal images was complementary to each
abnormal finding, including all images
negative for that particular abnormality.
For example, an image that showed a
nodule but no interstitial disease was
considered to be negative for the analysis
of observer performance for the detection
of interstitial disease. A statistical test of
the possible effects of luminance and
resolution on observer performance was
conducted for each of the abnormalities
by using a three-by-three two-way analy-
sis of variance with interaction, where
the areas under the ROC curves for differ-
ent readers were considered as replicates.
This procedure is an extension of the
method proposed by Thompson and Zuc-
chini (13). The test for interaction en-
abled us to assess whether the effect of
resolution on the area under the ROC
curve varied for the different levels of
luminance.

We also performed the analysis by us-
ing resolution, luminance, and reader in
a three-way analysis of variance. Al-
though one cannot test for interaction in
this design (ie, whether or not the effect
of luminance on the areas of the ROC
curves was dependent on the resolution
level), the three-way analysis of variance
provided better control for the high reader
variability. Therefore, this method would
tend to indicate that smaller effects of
resolution and luminance were statisti-
cally significant, as long as their effect
was relatively consistent within indi-
vidual readers.

For any instance where there was a
statistically significant difference in the
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area under the ROC curves for either
resolution or luminance levels, we per-
formed a two-way analysis to assess the
consistency of the findings for the six
readers across the three luminance or
resolution levels. The Page test for trend
(14) was used to determine whether the
area under the ROC curve increased with
increasing luminance or resolution levels
(a one-sided test). The Page test is a modi-
fication of the Wilcoxon test, which
weights observations so that they are
more sensitive in detecting monotonic
trends.

RESULTS

Each of the six readers scored the 529
cases for the five abnormalities as dis-
played with each of the luminance and
resolution levels (Figure). The readings
took more than 25 years to complete.
Table 1 summarizes the mean areas under
the ROC curves for all six readers for the
low (400-pm), medium (200-pm), and
high (100-um) resolutions for each of the
five abnormalities. Values in Table 1 are
means over all six readers and luminance
levels. The P values from the two-way
analysis of variance all were greater than
.5; thus, there was no statistically signifi-
cant effect of resolution on diagnostic
accuracy for any of the five abnormali-
ties, according to the two-way analysis of
variance results.

Table 2 summarizes the mean areas
under the ROC curves for low (85-cd/m?),
medium (260-cd/m?), and high (770-cd/
m?) luminance levels. Means were ob-
tained for the six readers and three levels
of resolution. Significance levels were ob-
tained by using a two-way analysis of
variance with interaction, where reader
results were treated as replicate observa-
tions. For pneumothorax and rib fracture,
there was a significant increase in the area
under the ROC curves with increasing
luminance (P = .04). The absolute magni-
tude of this effect was greater for pneumo-
thorax, where the mean area was 0.85 for
the low-luminance level and 0.90 for the
high-luminance level. There were no sig-
nificant interaction effects for any of the
abnormalities, which indicates that the
effect of luminance on the area under the
ROC curve was not related to resolution.

When a three-way analysis of variance
was conducted to control for interreader
variability, the effect of luminance on the
area under the ROC curve for rib fracture
and pneumothorax remained significant
(P < .001). When the test for the least
significant difference was applied to the
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DIGITAL IMAGE
876 x 1051
(400 MICRON PIXELS)

DIGITAL IMAGE
1752 x 2102
(200 MICRON PIXELS)

DIGITAL IMAGE
3504 x 4204
<100 MICRON PIXELS)'

DISPLAY DISPLAY DISPLAY
25 FT-L 25 FT-L 25 FT-L
DISPLAY DISPLAY DISPLAY
73 FT-L 75 FT-L 75 FT-L
DISPLAY DISPLAY DISPLAY
225 FT-L 223 FT-L 225 FT-L

Diagram shows the nine viewing modes used in the ROC study. FT-L =
foot-lambert, MICRON = micrometer. To convert foot-lamberts to
candelas per square meter, multiply by 3.4.

TABLE 1

Levels of Resolution

Mean Area under ROC Curves from Six Readers for Five Abnormalities and Three

400-um 200-uym 100-um
Abnormality Resolution Resolution Resolution
Nodule 0.78 0.77 0.78
Pneumothorax 0.86 0.88 0.88
Interstitial disease 0.69 0.70 0.70
Alveolar infiltrates 0.82 0.83 0.82
Rib fracture 0.80 0.80 0.80

Note.—None of the paired comparisons were significant (P > .5).

TABLE 2

Levels of Luminance

Mean Area under ROC Curves from Six Readers for Five Abnormalities and Three

85-cd/m? 260-cd/m? 770-cd/m? P
Abnormality Luminance Luminance Luminance Value*
Nodule 0.77 0.78 0.78 >.5
Pneumothorax 0.85 0.88 0.90 .04
Interstitial disease 0.69 0.70 0.71 .047
Alveolar infiltrates 0.83 0.82 0.82 >.5
Rib fracture 0.78 0.80 0.81 .04

* Result of two-way analysis of variance.

three estimates of the mean for the three
levels of luminance, all three means were
significantly different for pneumothorax.
However, for rib fracture, only the low-
luminance level was significantly differ-
ent from the other two; that is, there was
no significant difference between me-
dium- and high-luminance levels. In addi-
tion, for interstitial disease, there was a
significant effect of luminance on the
area under the ROC curve (P < .01).
When the least-significant-difference test
was used for pairwise comparisons of
different luminance levels for interstitial
disease, the low-luminance level was
found to result in a significantly smaller

area under the ROC curve than the areas
for the medium- and high-luminance lev-
els.

When the three-way analysis of vari-
ance was conducted to determine the
effect of resolution on the area under the
ROC curve, the differences were statisti-
cally significant only for the detection of
pneumothorax (P < .01). When pairwise
comparisons were made, the 400-pm reso-
lution was significantly different from
the 200- and 100-pm levels.

The Page test for trend was conducted
for the three luminance levels. Table 3
shows the areas under the ROC curves for
the detection of pneumothorax by each

Herron et al



TABLE 3

Area under the ROC Curve

for Detection of Pneumothorax
by Individual Readers according
to Luminance Level

85-cd/m?  260-cd/m?  770-cd/m?
Reader Luminance Luminance Luminance
1 0.87 0.90 0.92
2 0.84 0.89 0.90
3 0.86 0.88 0.92
4 0.94 0.95 0.97
5 0.82 0.87 0.89
6 0.75 0.77 0.81
TABLE 4

Area under the ROC Curve

for Detection of Rib Fracture

by Individual Readers according
to Luminance Level

85-cd/m?  260-cd/m? 770-cd/m?
Reader Luminance Luminance Luminance
1 0.78 0.81 0.82
2 0.81 0.83 0.81
3 0.78 0.82 0.82
4 0.79 0.82 0.84
5 0.78 0.79 0.82
6 0.73 0.74 0.75
TABLE 5

Area under the ROC Curve

for Detection of Interstitial Disease
by Individual Readers according

to Luminance Level

85-cd/m?  260-cd/m? 770-cd/m?
Reader Luminance Luminance Luminance
1 0.70 0.71 0.74
2 0.69 0.70 0.69
3 0.63 0.70 0.68
4 0.75 0.75 0.76
5 0.75 0.75 0.78
6 0.60 0.62 0.62

reader and for each luminance level aver-
aged over all resolution levels. An in-
crease in the areas under the ROC curves
for increasing luminance was apparent
for all six readers (P < .001). Although the
absolute magnitude of the effect was not
as large for some of the readers, a similar
trend of increasing area under the ROC
curve with increasing luminance was ob-
served for the detection of rib fracture
(Table 4, P = .01) and interstitial disease
(Table 5, P = .05).

None of the aforementioned results
were substantially changed when the sub-
set of subtle cases was analyzed sepa-
rately. Significant trends were measured
for decreasing luminance in the detection
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of pneumothorax (P < .001), rib fracture
(P < .05), and nodules (P < .05). Again,
only the detection of pneumothorax was
significantly affected (P < .05) at the
lowest (400-pm) resolution level.

The mean time (* SD) needed by read-
ers to view and score each case ranged
from 41 seconds * 22 to 79 seconds = 31.
When averaged over all readers for a
particular mode, these times ranged from
64 seconds *= 13 to 69 seconds = 14.
There were no significant differences (P >
.4) in duration for the individual modes.

DISCUSSION

The effect of resolution and luminance
on observer performance has been of
interest in several areas, including but
not limited to the field of diagnostic
radiology (2,3,15-19). Both theoretic and
experimental results (2,19) have demon-
strated that the human visual system is
affected in a manner that is strongly
dependent on luminance, frequency, and
contrast. In radiology, the results of sev-
eral studies (16,20,21) have demonstrated
that at low-luminance levels there is a
decrease in observer performance that
can be the result of contrast sensitivity,
frequency response, or both. With regard
to the effect of image resolution on ob-
server performance, published data seem
to indicate that the results are task spe-
cific, and, to a large extent, study design
seems to affect the results in a substantial
manner. While results of some studies
(16,22) seem to indicate that image reso-
lution may be a statistically significant
factor affecting observer performance, re-
sults of other studies (8,18) showed no
significant differences for most detection
tasks with images presented down to a
resolution of 400 pm across a 35-cm field
of view.

If our results had been significantly
different for a larger number of readers
and modes, it would have been possible
to provide more conclusive statements
about the trade-offs between object con-
trast, resolution, and luminance. At the
same time, the fact that resolution had
less of an effect than luminance is an
important observation, because, to our
knowledge, this is the only large multiob-
server, multitask, multipoint diagnostic
study performed to date. We believe that
there are sufficient experimental data pub-
lished to indicate that for most primary
diagnostic tasks, a background lumi-
nance of 75 foot-lamberts (260 cd/m?) or
greater is sufficient although not necessar-
ily optimal.

Perhaps as important, the interaction
between resolution and luminance found
in our study was weak at all levels. With
the exception of the low-resolution low-
luminance mode, observer performance
was not significantly affected for a large
number of cases, readers, and diagnostic
tasks. We recognize the fact that observ-
ers’ comfort level will not likely deter-
mine the use of alternative display modes
for primary diagnosis in the clinical envi-
ronment. It is important, however, that
objective data be available in support of
such decisions.

In conclusion, the results of our study
indicate that in most instances, a true
resolution of 1,024 pixels across the field
of view and a monitor brightness of 75
foot-lamberts (260 cd/m?) or greater
should be sufficient for primary diagnosis
with posteroanterior chest images.
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